The K + complex of 2-(4-dipropylaminophenylazo)benzoic acid octadecyl ester (ETH 2418), a new lipophilic chromoionophore, is used to monitor the water uptake of dry solvent polymeric membranes based on 2-nitrophenyl octyl ether/poly(vinyl chloride) (2:1). Upon contact with an alkaline solution, its λmax changes from 535 to 435 nm. This process can be reversed by drying the membranes. From the time-dependent recordings of absorbance changes, an apparent water diffusion coefficient, D * H2O, of 2×10 -8 cm 2 s -1 is determined. In contrast to results obtained with hydrophilic water indicators, no light scattering due to water droplets is observed in the bulk of the membrane.
Ion-selective membranes based on plasticized poly(vinyl chloride) (PVC) are generally used to measure ion activities or concentrations in aqueous systems. [1] [2] [3] Consequently, they always contain a certain amount of water, a fact recognized already in the seventies [4] [5] [6] and studied intensively by the group of Harrison in the nineties. [7] [8] [9] [10] [11] [12] [13] It is well known that clear plasticized PVC membranes may become cloudy when soaked in water and transparent again when the process is reversed through drying. The uptake of water may affect the performance of polymer membranes in ionselective electrodes (ISEs) and optodes in several ways. It was pointed out that the activity coefficients of ions in the organic phase are heavily influenced especially at low water concentrations. 14 In addition, long-term potential drifts observed with miniaturized sensors were attributed to slow changes in the equilibrium water content of their membranes. 12 The presence of water droplets (so-called heterogeneous water), on the other hand, can give rise to light scattering and bias the absorbance measurements. 9, 12, 15 Moreover, the swelling or shrinking of membranes with changes in their water content affects optode measurements, especially when a layer of defined thickness is a prerequisite (as for ATR). 16, 17 Also, the adhesion of such membranes to a solid support is influenced by the water transported through them. 18 A detailed knowledge of the mechanisms involved is, therefore, relevant for developing robust sensors.
The time-and distance-resolved distribution of water in liquid polymer membranes was first monitored by Harrison and coworkers 7 who applied a spatial imaging photometry technique with CoCl 2 and the solvatochromic dye, 2,6-diphenyl-4-(2,4,6-triphenyl-Npyridino)phenolate, as water indicators. Time-dependent apparent water diffusion coefficients, D * H2O , for dry membranes were determined with this technique. After a first fast phase of water uptake with D * H2O =1.3×10 -6 cm 2 s -1 , a lower and time-dependent value was found for the second stage (D * H2O in the order of 10 -9 cm 2 s -1 ). The results were interpreted in terms of the presence of two forms of water, also confirmed by NMR studies, namely of water dissolved in the whole of the membrane and droplets predominantly formed in the waterrich surface region. 11 More recently, experimental data 12, 13 were interpreted using a model based on osmotic pressure 19 and assuming the existence of mobile homogeneous and immobile heterogeneous water (dual-sorption-site theory). 20 Thus, true diffusion coefficients of D H2O =(1.5±0.1)×10 -6 and (0.4±0.02)× 10 -6 cm 2 s -1 were obtained for PVC membranes plasticized with dioctyl adipate and 2-nitrophenyl octyl ether (o-NPOE), respectively. On the other hand, the presence of two kinds of homogeneous water, i.e., more mobile monomeric and less mobile clustered, was proposed earlier for cellulose acetate membranes. 21 The possibility of less mobile but dissolved (homogeneous) water clusters was not considered in the treatment by Harrison. In this paper, a new water indicator is introduced and used with the spectro-potentiometric setup described recently. 22 Because of its high lipophilicity, it neither leaches from membranes nor entails the formation of heterogeneous water (droplets) as hydrophilic indicators do. Its change in absorbance is reversed when the membrane is dried again. A further advantage is that its two forms, i.e., those occuring in the presence and absence of water, can be monitored simultaneously, thus providing two different measures for assessing the water uptake into dry membranes.
Experimental

Reagents
For all experiments, doubly quartz-distilled water and chemicals of puriss. or p.a. grade (Fluka, Merck) were used. Poly(vinyl chloride) (PVC), bis(2-ethylhexyl)-sebacate (DOS), 2-nitrophenyl octyl ether (o-NPOE) and potassium tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate (KTFPB) were Selectophore from Fluka AG, CH-9471 Buchs.
Synthesis of 2-(4-dipropylaminophenylazo)benzoic acid octadecyl ester (ETH 2418)
Propyl Red (2 g, 6.15 mmol, Kodak) and 1-octadecanol (9.98 g, 36.88 mmol) were stirred at 100˚C and sulfuric acid (1 ml, 95 -97%) was added in small portions. After 3 h, the mixture was cooled to room temperature, diluted with methylene chloride (200 ml) and washed with sat. NaHCO 3 (100 ml). The organic phase was separated, the solvent removed and the product purified by flash chromatography (silica gel 60, 240 g, CH 2 Cl 2 ). Its constitution was confirmed by IR, FAB-MS, 1 H-and 13 C-NMR.
Membrane preparation
Polymeric membranes consisted of 0.52wt% (0.9 mmol/kg) of ETH 2418 and 0.18wt% (1.94 mmol/kg) of KTFPB in o-NPOE/PVC (2:1). They were prepared following a standard procedure 23 and punched out as membrane rings. 22 
Spectro-potentiometric imaging
The experimental setup used was developed for simultaneously studying the optical and potentiometric properties of a solvent polymer membrane ring mounted in a specially designed cell under a microscope. 22 Usually, both the inner and outer rims of the membrane are in contact with electrolyte solutions of the same or different composition. For the optical studies of the water uptake, however, dry N 2 was passed through the outer compartment and an aqueous solution was introduced to the inner one at t=0. To calculate the relative absorbance, -log(I t /I o ), the mean of all the intensity values measured at t=0 for the breadth of the membrane ring (except the two border regions) was used as I o .
Results and Discussion
Up to now, the water uptake of dry solvent polymer membranes has been studied mainly by using CoCl 2 or 58 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 a solvatochromic dye as indicators. 8 Since both are hydrophilic, they may bias the results because they are likely to strongly influence the amount of heterogeneous water formed in the membrane 8, 12 and also because of their leaching into the aqueous phase. In this work, the K + complex of 2-(4-dipropylaminophenylazo)benzoic acid octadecyl ester (ETH 2418) is introduced as a new water indicator (cf. Fig. 1 ). It is a weak base, related to the H + -selective chromoionophore 4-octadecylamino azobenzene (ETH 5315; pK a in MeOH: 3.6). 24, 25 In the absence of potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), the spectrum of the free base in a poly(vinyl chloride) (PVC) membrane plasticized with o-nitrophenyl octyl ether (o-NPOE) has an absorption maximum at 435 nm (yellow) which upon protonation changes to 535 nm (red). After drying a freshly prepared (yellow) o-NPOE/PVC membrane containing ETH 2418 and a twofold molar excess of KTFPB over silica gel in vacuum, its color changes to red (Fig. 1, trace 1) . However, by equilibrating it in 0.1 M KOH, λ max shifts from 535 to 435 nm (trace 2). When the solution is changed to 0.1 M HCl, λ max is again at 535 nm due to the protonation of the chromoionophore (trace 3). The color change upon water uptake is reversible as can be seen from trace 5 obtained after drying the membrane previously soaked with KOH (trace 4). The slight difference between the spectra 1 and 5 is most probably due to loss of some components (plasticizer or residual tetrahydrofuran) during the drying process as suggested from the change in absorbance at the isosbestic point. A pH indicator strip placed near the membrane during the drying process did not show any color changes, indicating that no acid was present. The membrane color also changes from red to yellow in ambient air (slowly) and in tetrahydrofuran or ethanol vapor and back to red after dry-59 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 ing over silica gel (in vacuum) or P 2 O 5 . In contrast to these results, a dry bis(2-ethylhexyl)sebacate (DOS)/ PVC membrane showed an absorbance maximum at 435 nm also in the presence of KTFPB. These observations are interpreted by assuming that ETH 2418 forms a weak K + complex in absence of competitive coordinating sites such as from water, tetrahydrofuran, ethanol, or DOS (cf. right of Fig. 1) . In acidic solutions, p-aminoazobenzenes are protonated at one of the azo nitrogen atoms 26, 27 , in ETH 2418 probably at the one adjacent to the carbonyl group. The practically identical spectra of the K + complex (traces 1 and 5) and of the protonated form (trace 3) suggest that both the azo and the carbonyl group act as coordinating sites in both cases (formulas in Fig. 1 ). This is also supported by the fact that 4-(octadecylamino)azobenzene (ETH 5315) 24 , which lacks a carboxylate group next to the azo group, does not behave analogously in the presence of K + . The formation of the K + complex was observed by IR and 13 C-NMR spectroscopy using a less lipophilic derivative of ETH 2418 (ethyl ester instead of octadecyl ester, ETH 4224). KTFPB (39 mol% relative to ETH 4224, saturation concentration) induced an increase of 0.266 ppm in the carbonyl chemical shift in tetrahydrofuran and shifted the C=O stretching frequency in methylene chloride from 1715 to 1710 cm -1 . Both these changes are similar to those usually observed when a monovalent ion coordinates with a carbonyl group. Owing to this behavior, the K + complex of ETH 2418 can be used as indicator of water or an organic compound with coordinating sites. Its use is, however, limited to membranes whose components have no coordinating sites (such as the esters groups in DOS) and to measurements in alkaline solutions and acid-free gas phases to avoid protonation.
In the following, the usefulness of the new indicator for monitoring the diffusion of water into a solvent polymer membrane is demonstrated. Absorbances of an initially dry ETH 2418/KTFPB/o-NPOE/PVC ring membrane of ca. 650 µm breadth are shown at three different wavelengths as a function of distance and time of contact with an aqueous solution at the inner rim (Fig. 2) . The absorbances at 450 and 555 nm give a measure for the concentration of the free chromoionophore and its K + complex, respectively, and those at 630 nm reveal the influence of light scattering by the presence of water droplets in the membrane. 10 In Figs. 2A and 2B, a continuous change in the absorbance profile is observed between 0 and 75 h after exposing the inner rim to 0.1 M KOH (outer rim in contact with dry N 2 throughout). Then, a steady state is reached and the organic phase is completely saturated with water. Absorbance values near the edges of the ring are biased by diffraction, unevenness and/or light scattering by water droplets (at the inner membrane rim). 7, 9, 10 In addition, the membrane shrinks to a certain extent the longer it is exposed to the alkaline solution. Both effects make an interpretation in the border region impossible. The absorbances recorded at 630 nm (Fig.   2C ) do not depend on the free, complexed or protonated chromoionophore so that except for the boundary region, they would only be influenced by light scattering from water droplets. 9 However, this is not the case in the bulk of the membrane (100 -650 µm in Fig. 2 ) which means that no droplets are formed with diameters similar or larger than the wavelength used. This is in clear contrast to the results obtained with similar membranes based on CoCl 2 or with the solvatochromic dye as water-sensitive dye. 10 We assume that these hydrophilic indicators induce the formation of heterogeneous water in the bulk of the membrane, while the lipophilic ETH 2418 does not.
Based on the diffusion model in a plane sheet of initially uniform distribution 28 , the absorption, A(x,t), observed therein as a function of time, t, and distance, x, can be described by: 
Here, R designates the number of water molecules of reduced mobility per indicator molecule. According to preliminary gravimetric measurements, it lies in the order of 100 so that D H 2 O is estimated as ca. 10 -6 cm 2 s -1 , in good accordance with the values measured by Harrison et al. 12 In contrast to the results obtained earlier with hydrophilic indicators 7, 8 , we observed no light scattering due to heterogeneous water and no initial fast stage of water uptake. It is likely that both these differences are related to each other. Because of its low solubility in the organic membrane phase, a hydrophilic indicator is not homogeneously distributed but probably forms particles whose dissolution in evolving water droplets would be much slower than the hydration of lipophilic, homogeneously distributed membrane components. This might be the reason why neither a fast initial diffusion of mobile water nor droplet formation were 
